Abstract doi: 10.7185/geochemlet.1904 Heat flow studies suggest that the lower crust has low concentrations of heat-producing elements. This could be due to either (i) greater fractions of basaltic rock at depth or (ii) metamorphic depletion of radioactive elements from rocks with more evolved (andesitic to granodioritic) compositions. However, seismic data suggest that lower crust is not predominantly basaltic, and previous studies (using Pb and Sr isotopes) have shown that lower crustal rocks have experienced significant losses of U and Rb. This loss, however, is poorly constrained for K, which is inferred to be the most important source of radioactive heat in the earliest crust. Our high precision Ca isotope measurements on a suite of granulite facies rocks and minerals from several localities show that significant losses of K (~60 % to >95 %) are associated with high temperature metamorphism. These results support models whereby reduction of heat production from the lower crust, and consequent stabilisation of continental cratons in the Precambrian, are largely due to high temperature metamorphic processes. Relative changes in whole rock K/Ca suggest that 20-30 % minimum (granitic) melt removal can explain the K depletions.
Introduction
Samples from lower continental crust (LCC) can be brought to the surface in two major ways, either (i) as coherent high grade terranes, through tectonic processes, or (ii) as individual xenoliths, through deep-seated volcanism. Based on analysis of these samples, it has been established that much of the LCC was heated to granulite facies conditions (>~800 °C) and lost significant amounts of its original heat producing element budget (Rudnick and Gao, 2014 ), yet it is uncertain whether this is a sufficient explanation for modern heat flow data without invoking greater fractions of mafic crust at depth (Hacker et al., 2015) .
Metamorphic heating results in the breakdown of primary hydrous mineral phases to anhydrous mineral assemblages. Typical reactions involve the transformation of amphibole and mica into feldspar, pyroxene, sillimanite/kyanite, and (at higher pressures) garnet. These transformations are typically accompanied by the generation of granitic liquids (rich in incompatible elements and containing dissolved H 2 O) that are generally lost from the system, but found preserved as microscopic melt inclusions (e.g., Bartoli et al., 2016; Stepanov et al., 2016; Ferrero et al., 2018) . There is also evidence that fluid loss in the absence of melt generation could contribute to the geochemical changes, as suggested by the common observation of high Th/U in granulite facies rocks (Rudnick and Gao, 2014) . Generation and loss of melt, however, is viewed in the more recent literature as being the primary mechanism affecting granulite and ultrahigh temperature (UHT) rocks (e.g., White and Powell, 2002; Guernina and Sawyer, 2003; Kelsey and Hand, 2015) . The lower U, Th, (and K) concentrations and higher density of LCC (Rudnick and Gao, 2014; Hacker et al., 2015) could therefore be attributed to the effects of melt loss during high temperature (HT) metamorphism accompanied by anatexis.
Previous work suggesting that U is lost from LCC is based on Pb isotopes and by comparison with Th (Rudnick and Gao, 2014) , which can also be lost during partial melting at extreme conditions (Ewing et al., 2014; Stepanov et al., 2014) . However, ancient K-loss during melting of LCC is hard to constrain because there are few means to establish K content of the protoliths (Rudnick et al., 1985) . Previous studies show that Rb is preferentially lost during granulite facies metamorphism relative to Sr and K (DePaolo et al., 1982; Rudnick et al., 1985) , and that there can also be K loss relative to Ca (Ewing et al., 2014; Stepanov et al., 2014) . However, this argument has considerable uncertainty for K when the protoliths are unavailable for analysis, and the magnitude of K loss from LCC remains poorly constrained. To address this problem, we use measurements of radiogenic 40 Ca in lower crustal granulite facies rocks and minerals. The K-Ca system is wellsuited for this purpose because 40 K decays to 40 Ca (and 40 Ar, t 1/2 ~1.25 Gyr), the two elements are separated from each other during partial melting, and the daughter product is generally more compatible than the parent (Marshall and DePaolo, 1989) .
Samples and Analytical Procedures
We report radiogenic 40 Ca variations (ε Ca ) in granoblastic to porphyroblastic mafic, granitic, and pelitic whole rocks and mineral separates from four localities: the Napier Complex, Antarctica (NC); the Slave Province, Canada (SP); the Ivrea-Verbano Zone, Italy (IVZ); and the Lhasa Block, Tibet (Sumdo eclogite, SE). The rocks span a wide range of chemical compositions and metamorphic pressure and temperature conditions, including granulite/UHT (n = 17), amphibolite (n = 3), and eclogite facies (n = 1), and range in age from Archean to Mesozoic (Supplementary Information, SI, and Tables S-1 through S-4). The SE is not likely to have lost significant amounts of K and is included only for reference ( Fig. 1) . Ca isotopic compositions were measured by TIMS at the University of California, Berkeley, and are reported in epsilon notation relative to Bulk Silicate Earth (BSE, SI, Table  S 
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Garnet is an ideal mineral for ε Ca analyses because it effectively excludes K, is easy to separate, and commonly contains substantial amounts of Ca. Given a clean mineral separation, any excess radiogenic Ca in garnet must be inherited from 40 K that decayed to 40 Ca in the protolith, prior to garnet formation. We find that clean garnet separates have ε Ca ranging from 0 to +42 (Table S- Fig. 1a] . In mafic granulites, both garnet and low-K plagioclase separates (which were sampled in the absence of garnet), have a narrow ε Ca range from 0 to +3 (Fig. 1b) . Whole rock and high-K feldspar separates were also measured ( Fig. S-1 ) in order to obtain rough K-Ca isochrons ( Fig. S-2 ), which are in general agreement with more precise dating methods for the various regions (SI).
Protolith K/Ca Estimates
Large depletions in K associated with metamorphism can be detected with our data on garnet mineral separates. Garnet and whole rock measurements for 2040C (NC), for example, have indistinguishable (yet highly elevated) ε Ca values (+12.5, see Table S -5) due to a nearly complete loss of K from the rock during metamorphism, resulting in a near zero K/Ca similar to that of garnet. For rocks where K-loss is less extreme, protolith K/Ca values are evaluated from ε Ca (garnet or low-K plagioclase/whole rocks, SI) and the time interval between protolith formation and granulite facies metamorphism.
Using the metamorphic and protolith ages for each locality ('two-stage-model', SI), we are able to estimate the protolith K/Ca values using Equation 2, adapted from Marshall and DePaolo (1989 
Potassium Loss during High-T Metamorphism
Including data from the other localities, we find as expected that mafic samples have lower [K/Ca] protolith (<1), and pelitic samples have higher [K/Ca] protolith ranging from 1 to ~13. Comparing these estimates with [K/Ca] modern in the whole rocks (Fig. 3) , we are able to assess K-mobility during granulite metamorphism (see Fig. S-3 for data labels).
Our results indicate that most granulites have measured K/Ca that is substantially lower than that calculated for the protolith, indicating significant K-loss during metamorphism. The samples fall into 3 rough groups: one group has no K-loss, or a slight K enrichment, and the other groups cluster at 67 % and 97 %; one NC sample suggests greater than 99.9 % K-loss (Fig. 3) . Samples with younger ages and lower ε Ca have larger uncertainties. Two pelitic granulites and migmatites from the NC have an apparent increase in K/Ca relative to their protolith compositions, which can potentially be explained by the presence of (externally derived) captured melt. Our data suggest that granulite facies samples with less than ~2 wt. % modern whole rock K 2 O have generally lost K, and samples with >2 wt. % have generally gained K (relative to Ca, Figure  S-4) . Although we are unaware of K-loss estimates for the NC and SP, our data agree with previous estimates for the IVZ, where granulite facies samples have about 2/3 less K than their lower temperature (amphibolite facies) counterparts (Ewing et al., 2014) . Our results are also in agreement with previous work on the Napier complex that found Pb and Sr isotope evidence for significant losses of Rb relative to Sr and U relative to Th (e.g., DePaolo et al., 1982; Kelsey and Hand, 2015) .
Melt-loss Modelling
Although there is still some debate as to whether or not granulites need externally derived fluids in order to initiate melting (Aranovich et al., 2016; Clemens et al., 2016) , the conclusion from melting experiments (Gao et al., 2016) and from trapped melt inclusions in peritectic minerals (Bartoli et al., 2016; Stepanov et al., 2016; Ferrero et al., 2018) is that granulites are often associated with loss of granitic melt. Given that we can quantify relative K/Ca decreases, we are also able to place constraints on the amount of melt loss required to form our samples by modelling the partitioning of K and Ca between melt and residual minerals.
To estimate K/Ca fractionation during partial melting, we use a modified non-modal batch melting model, where the bulk distribution coefficient for K (D K ) is a function of the mass fraction of remaining residual K-feldspar (the most significant K-bearing mineral at granulite facies conditions), and the bulk distribution coefficient for Ca (D Ca ) is a function of the mass fraction of residual plagioclase + clinopyroxene (SI, Fig. S-5 ).
Model Results
Comparing our model estimates for [K/Ca] O] mdrn analyses for granulite facies samples, and assuming that melt is completely lost from the system, we find that most of the samples are consistent with 20-30 % melting, with the most extreme sample suggesting melt fractions of ~50 % (Fig. 4) . Although the distribution coefficients used in our model are currently rough estimates, varying K and Ca distribution coefficients over a range of likely values (Fig. S-6 ) does not significantly change the results, which depend most significantly on [K/Ca] protolith . The model results generally agree with other approaches for estimating melt production during granulite facies metamorphism, including pseudosection analyses (White and Powell, 2002; Redler et al., 2012; Yakymchuk and Brown, 2014; Green et al., 2016; Palin et al., 2016) and other methods (Guernina and Sawyer, 2003; Bartoli, 2017) . These estimates typically range from ~20-50 % total melt depending on protolith compositions and P-T-time conditions.
Discussion and Conclusions
Although our assumption of complete melt segregation may be an overestimate, significant melt loss is a common feature associated with granulite facies terranes (e.g., Brown, 2002; Guernina and Sawyer, 2003) , and a minimum of 50-70 % of generated melt (assuming 40 % total melt) must be lost in order to retain a HT mineral assemblage (White and Powell, 2002) . If melt is not fully lost from the system, our model requires greater total melt fractions in order to match [K/Ca] mdrn measured in the samples today. This suggests that our melting model (which uses minimum [K/Ca] protolith estimates and assumes total loss of melt), provides minimum estimates for total melt fractions.
Based on ε Ca data, and assuming conservative protolith ages for each locality, we find that many LCC samples from the Napier Complex, Ivrea-Verbano Zone, and the Slave Province have undergone significant amounts of K depletion, with relative K/Ca decreases ranging from ~60 % to greater than 95 %. These results confirm that K, which is inferred to be the most important heat producing element in the Archean, is efficiently mobilised and removed from the lower crust during HT metamorphism. This observation implies that greater fractions of mafic rock in the lower crust are not necessary to explain modern heat flow data, and supports crustal evolution models where continental stabilisation is promoted through HT metamorphism and depletion of radioactive elements from the lower crust.
